Purpose To aid couples wishing to conceive children who are HLA matched to a sibling in need of a hematopoietic progenitor cell transplant, we developed a preimplantation HLA haplotype analysis of embryos that utilizes tri-, tetra-, and pentanucleotide STR markers.
Introduction

Preimplantation genetic diagnosis (PGD) is a technique to
analyze embryos for chromosome abnormalities, genetic mutations and HLA haplotypes. Analysis of embryos for single gene disorders allows selection of unaffected embryos for transfer, while analysis of HLA haplotypes of embryos allows selection of embryos that are HLA matched with a sibling in need of hematopoietic progenitor cell (HPC) transplantation [1] . Preimplantation HLA haplotype analysis of embryos allows couples to conceive children who are HLA matched to the affected sibling, and to collect cord blood from the HLA-matched newborn sibling for use in a HPC transplant. In the first case, reported in 2001, a child with Fanconi anemia required an HLA-matched cord blood transplantation. With the aid of PGD the couple gave birth to a child who was unaffected and HLA matched [2] . Cord blood collected at birth from that child was used successfully to reconstitute the bone marrow of the affected child [3] . Since that time, HLA testing of embryos has been used in a variety of settings for families with both sporadic [4] and inherited genetic diseases [5] [6] [7] .
Three different methods have previously been developed to identify HLA-matched embryos. Both Verlinsky et al. [2] and Fiorentino et al. [8] determined the genotypes of several classical HLA loci. Verlinsky et al. used allelespecific PCR primers for the HLA loci [8] , whereas Fiorentino et al. used minisequencing [2] . The HLA complex is highly polymorphic and therefore each family tested required a unique PCR primer design. Because of the need for family-specific PCR protocols, these methods are less efficient. A third method involves the use of short tandem repeats (STRs), also known as microsatellites, across the HLA region [5, 6, 8] . This method provides a general approach for HLA matching, that disregards the genotypes involved and thus avoids the need to develop specific protocols for HLA genotype analysis.
We used the method of Van de Velde et al. [5] and Fiorentino et al. [6, 8] for HLA haplotype analysis and matching, that employs polymorphic STRs located across the HLA and flanking regions, but restricted to tri-, tetra-, and pentanucleotide repeats to identify HLA-matched embryos. Avoiding the shadow bands that can be seen with dinucleotide microsatellites [9] should aid in the unambiguous identification of HLA alleles using either polyacrylamide gel or capillary electrophoresis (CE) methods. For laboratories that do not have ready access to CE, the use of polyacrylamide gels for STR genotyping and HLA matching is a simple and cost-effective alternative to CE for clinical testing.
Methods and materials
Identification of STRs for HLA and flanking regions STR markers in this paper were chosen from the published literature [10] or identified from human genomic sequence using the online program Tandem Repeats Finder [11] . PCR primers for the selected STR markers were either taken from the published literature [10] or designed using Oligo™ (Molecular Biology Insights, Cascade, CO) software. 6-FAM labeled and unlabeled PCR primers were synthesized and HPLC purified by Invitrogen (Carlsbad, CA). The PCR primers used in clinical assays were also characterized by mass spectrometry. A 2X Multiplex PCR PreMix (Qiagen Multiplex PCR system, Valencia, CA) was used in all PCR, which were carried out in GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA).
For STR genotyping of individuals, a 20-μL PCR reaction was carried out for each STR marker by combining 10 ng of genomic DNA sample with 10 μL of Qiagen Multiplex PCR PreMix and 20 pmol of each PCR primer. These STR primer pairs were optimized at one of two annealing temperatures, either 56°C or 61°C (Supplementary Information I). For this reason, two different PCR amplification protocols were established. For primers optimized at 56°C, the initial denaturation lasted 14 min at 95°C followed by 29 PCR cycles. Cycles 1-10 consisted of 1 min at 96°C, 30 s at 56°C, and 30 s at 72°C. Cycles 11-29 consisted of 1 min at 94°C, 30 s at 56°C, and 25 s at 72°C. The cycles were followed by a final extension of 45 min at 60°C. For PCR primers optimized at 61°C, the same thermal profile was used except that the annealing temperature for cycles 1-29 was changed to 61°C.
For preliminary screening of potential STR markers, PCR products were separated on 8% or 10% (w/v) Novex 1X TBE polyacrylamide gels that were 8 cm long and 1 mm thick (Invitrogen, Carlsbad, CA) by electrophoresing at 200 V for 45 min to 1 h 30 min. Variable volumes of PCR products were needed for successful analysis of STRs on the polyacrylamide gels. The gels were post-stained with 1X SYBR Green I Nucleic Acid Gel Stain (Lonza, Basel, Switzerland) for 20 min or longer on plastic trays. Gel images were captured by AlphaImager 3400 (Alpha Innotech, San Leandro, CA) using a camera equipped with SYBR Green I filter (Alpha Innotech) under UV 302 nm trans-and epi-illumination.
Our initial collection of polymorphic STR markers were evaluated and selected based on linkage analysis in anonymous families. These primers were further evaluated and PCR conditions optimized for single cell application by testing lymphoblastoid cell lines. Finally, 43 STR loci were selected for future preimplantation HLA haplotype matching application. The allele drop-out (ADO) rates were determined for sixteen of the most commonly used STRs using the following lymphoblastoid cell lines: L.060W.5, L.061W.11, 653 M, and 179 M.
HLA haplotype analysis of patient families All specimens were collected following institutional review board approval and after informed consent was obtained. DNA was isolated from patient peripheral whole blood specimens or control lymphoblastoid cell lines by the saltingout method (Roche DNA Isolation Kit for Mammalian Blood, Indianapolis, IN), and quantified using PicoGreen dye (Invitrogen Quant-iT PicoGreen dsDNA Assay Kit).
STR analysis was performed for family members consisting of mother, father, affected child, and other siblings where possible, in order to identify informative STR markers across the HLA and flanking sequences to establish the haplotypes of family members. An STR marker was considered to be informative when both parents were heterozygous for that marker, and when both parents showed a difference in allelic sizes of one or both STRs, such that one could distinguish paternal and/or maternal HLA alleles in the children. A sufficient number of HLA linked STRs from Table 1 were studied to fulfill the following criteria for each family. For each family, eight informative STR markers were identified. At least two of the eight STRs were located beyond the centromeric end of HLA-DPB2 gene, and at least two STRs were located beyond the telomeric end of HLA-A gene, with the remaining STRs located between HLA-DPB2 and HLA-A genes. This permits the determination of the HLA haplotype that was passed from each parent to the affected offspring.
In order to ensure that the PCR primers of eight STRs selected for an affected family were compatible in a singlecell multiplex PCR, they were validated with single lymphoblastoid cells prior to PGD from one of the cell lines described above using the protocol described below.
Preimplantation genetic diagnosis
Cleavage stage embryos were obtained using standard procedures of in vitro fertilization (IVF) and intracytoplasmic sperm injection (ICSI), and embryo biopsy was performed on day 3 post-injection [12] . One blastomere was removed from embryos with five to six cells and two blastomeres were biopsied from embryos with seven to eight cells. Individual blastomeres from each embryo were washed twice in fresh droplets of HEPES-buffered, modified HTF medium, pH 7.4 (Irvine Scientific, Santa Ana, CA) and 5 μL of the last wash droplets were used as blank controls of the assay. Each blastomere was digested in 5 μL of embryo-lysis buffer containing proteinase K by incubating at 61°C for 60-75 min as previously described [13] . Immediately prior to PCR, the cell lysate was heated at 96°C for 13 min and chilled immediately on ice.
First round PCR were 50-μL multiplex reactions prepared by adding 10 pmol each of the eight pairs of familyspecific PCR primers for the HLA linked STRs, and 25 μL of Qiagen Multiplex PCR PreMix to each sample. The PCR profile consisted of an initial 14 min denaturation at 95°C followed by 20 PCR cycles: Cycles 1 and 2 consisted of 1 min at 96°C, 1 min 30 s at 61°C, and 1 min at 72°C; while cycles 3 and 4 consisted of 1 min at 96°C, 1 min 30 s at 56°C, and 1 min at 72°C. Cycles 1-4 were then repeated four more times.
The products of the first round multiplex PCR were then diluted 125 fold with water, and followed by separate second round PCR for each STR. Second round PCR were 20-μL reaction for each of the eight selected STRs prepared by adding 20 pmol of each PCR primer and 10 μL of Qiagen Multiplex PCR PreMix. STR primer pairs were optimized at one of two annealing temperatures, either 56°C or 61°C (Supplementary Information I). For this reason, two different protocols of second round PCR were established. For primers optimized at 56°C, the initial denaturation was 95°C for 14 min followed by 38 PCR cycles. Cycles 1-10 consisted of 1 min at 96°C, 30 s at 56°C, and 30 s at 72°C. Cycles 11-38 consisted of 1 min at 94°C, 30 s at 56°C, and 25 s at 72°C. These 38 cycles were followed by a final extension for 45 min at 60°C. The same thermal profile was used for PCR primers optimized at 61°C, except that the annealing temperature for cycles 1-38 was changed to 61°C.
The PCR products were separated on 8% or 10% (w/v) Novex 1X TBE polyacrylamide gels that were 8 cm long and 1 mm thick (Invitrogen, Carlsbad, CA) by electrophoresing at 200 V for 45 min to 1 h 30 min, or on homemade 10% (w/v) polyacrylamide 1X TBE gels that were 20 cm long and 1.5 mm thick (poured the day before testing) by electrophoresing at 400 V for 3-4 h. Detection of PCR products after post-staining with SYBR Green I dye has been described above.
STR analysis of genomic DNA from patient families and controls using fluorescent PCR The PCR protocol and thermal profiles for fluorescent PCR were the same as those used for STR genotyping of genomic DNA specimens with unlabeled PCR primers (described in "Identification of STRs for HLA and Flanking Regions" section), except that the forward primer was 5′-end labeled with 6-FAM. Prior to CE analysis, each PCR product was purified by first adding 80 μL of Tris-EDTA buffer, pH 8.0 (TE) and 20 μL of PCR product into a well of a Montage* PCR μ96 Filter Plate (Millipore, Billerica, MA) until all of the solution passes through the filter. Filtration took place on a Millipore MultiScreen*384 Vacuum Manifold. The purified DNA samples were eluted from the filters by incubating in 20 μL of TE for 30 min at room temperature, and transferred to a 96-well PCR reaction plate (Applied Biosystems, Foster City, CA). 3 μL of purified DNA sample was then added to 15 μL of sample loading buffer, which was prepared by mixing 200 μL of GeneScan 600 LIZ Size Standard (Applied Biosystems) with 4.8 mL of Hi-Di Formamide (Applied Biosystems). The samples were denatured for 5 min at 95°C, followed by rapid cooling in a -20°C StrataCooler (Stratagene-Agilant Technologies, La Jolla, CA) for 10 min, and then applied to an 3730xl DNA Analyzer (Applied Biosystems). From the peak signals the fragment sizes were determined using GeneMapper Analysis Software Version 4.0 (Applied Biosystems). The first round multiplex PCR of single blastomeres, performed using unlabeled PCR primers (described in "Preimplantation Genetic Diagnosis" section), was followed by separate second round 20-μL PCR reactions for each STR. The first round PCR products were diluted 125 fold with water, and 2 μL of the diluted products were added to a PCR tube containing 10 μL of Qiagen Multiplex PCR PreMix, and 20 pmol of each PCR primer. The forward primer was labeled with 6-FAM. The thermal profiles for fluorescent PCR are the same as described above for the STR genotyping of single blastomeres with unlabeled PCR primers. Clean up of PCR products and CE analysis were performed as described in the previous paragraph.
Results
In the HLA and flanking regions, 147 loci were screened to identify 43 polymorphic tri-, tetra-, and pentanucleotide repeats that were either fully or partially informative for at least one of ten arbitrarily selected anonymous Wisconsin Information II) . The PCR failure rates were not greater than 1.6%. Use of our strategy was illustrated by a clinical case in which PGD for HLA matching was applied to a patient diagnosed with aplastic anemia [14] . We selected eight HLA linked STR markers that were informative for that family. STRs #36 and #66 were located beyond the telomeric end of the HLA locus; STRs #134A, #123, #107, and #16A were within the HLA locus; and STRs #81 and #84 were located beyond the centromeric end of the HLA locus. As illustrated in Fig. 1 , STR analysis was carried out on the genomic DNA of the patient and nuclear family in order to establish the HLA haplotypes.
The patient's parents undertook an IVF cycle in which 12 eggs were retrieved. Nine embryos were biopsied and tested for HLA matching to the affected child, resulting in three HLA matched embryos. One embryo failed to Fig. 2 Polyacrylamide gel analysis of STR #84 for the father, mother, affected child, and blastomeres from the clinical case. The lane labeled P is the affected child, M is the mother, and F is the father. The blastomere lanes are numbered 1 through 9. When a number is used twice, each represents a separate cell from the same embryo. Embryos 1, 4, and 8 were haplo-identical to that of the affected child develop on day 5 post-injection and was not transferred. One embryo did not result in a pregnancy after transfer. A third embryo was frozen and transferred in a subsequent cycle that did not result in a pregnancy. Figure 2 shows electrophoretic analysis for STR #84 of the nine embryos on a polyacrylamide gel. The gel shows that the genotypes of embryos 1, 4, and 8 were identical to that of the affected child. Table 2 summarizes the results of all eight HLA-linked STR markers separated by polyacrylamide gel electrophoresis (PAGE) and the HLA haplotypes deduced from these STR genotypes, revealing that three embryos were HLA matched to the affect child. There was no evidence of meiotic recombination. No contamination was detected in the last wash droplets of the blastomere cells.
We have also confirmed our genotyping results of the eight STRs by CE analysis. Genotypes of family members were determined by CE from genomic DNA templates using fluorescent PCR. Figure 3 illustrates STR #84 genotyping of family members. In addition, aliquots of first round PCR products from each blastomere were subjected to a second round PCR using fluorescently labeled primers and detection by CE. CE analysis of the eight linked STRs confirmed the accuracy of gel analysis, showing that the genotypes of embryos 1, 4, and 8 were identical to that of the affected child (Supplementary Information III). PCR products for STR #107 were successfully detected by CE, whereas corresponding data were difficult to interpret on the polyacrylamide gels.
Discussion
All but a few of the STR markers used in previous publications for preimplantation HLA matching are dinucleotide repeats [5] [6] [7] [8] . The use of tri-, tetra-, and pentanucleotide STRs in our present approach may have several advantages over dinucleotide microsatellites in PGD. It is known that shadow bands are more common for the PCR products for dinucleotide microsatellites, especially for large numbers of PCR cycles required for PGD [9] . In addition, the mutation rate for dinucleotide microsatellites is greater than that of tri-, tetra-, and pentanucleotide STRs [15] . Our approach could minimize the ambiguity that may arise through the use of dinucleotide microsatellites. One hundred forty seven polymorphic STRs in the HLA and flanking regions were screened in ten arbitrarily chosen families. Screening for polymorphic STRs was carried out on polyacrylamide gels that were 8 cm long, because it was our aim to select STRs that can readily be detected by PAGE. As a result, a number of polymorphic STRs may have been overlooked, as this gel system would fail to clearly resolve alleles that differ by <3% in size. For clinical assays, we also used 10% polyacrylamide gels that were 20 cm long to resolve some alleles that were close in size. Using our collection of 43 resulting STRs, the majority of families were informative for at least two loci both within and flanking the HLA.
Another advantage of tri-, tetra-, and pentanucleotide STRs is that the PCR products may be detected either by CE or PAGE analysis. Gel electrophoresis is more cost effective than CE analysis, and would therefore permit laboratories with limited resources to pursue PGD for HLA matching [16] . An effort to resolve polymorphic dinucleotide repeats for HLA on polyacrylamide gels has been reported by Korzebor et al. [16] . Nevertheless, CE analysis provides better resolution of alleles that are similar in size which can be useful when selecting informative STRs for a given family. In addition, CE detection system equipped with laser excitation is more sensitive than SYBR Green I gel staining, as illustrated by STR #107 (Tables 2 and  Supplementary Information III) in which the gel system yielded ambiguous results, whereas the CE analysis yielded clear results.
It is critical to determine whether a meiotic recombination event has occurred within the 3.7-Mb HLA region for an embryo that may be a patient's potential HLA match. At least two STRs are analyzed on each end of the HLA region to detect possible recombination. This ensures successful assessment of embryos without misinterpretation due to potential amplification failure of a given STR. In addition, STRs for four different loci within the HLA region are studied in order to detect double recombination events. In general, PCR failure for a given STR is less than 2% for the STRs studied in this paper (Supplementary Information II) . The probability of failures in two flanking STRs for a given embryo would, therefore, be very low.
The STR markers that we selected from the flanking regions of HLA are not more than 374 kb beyond the telomeric end of HLA, and not more than 994 kb beyond the centromeric end. Therefore, the probability that a recombination occurs between a flanking STR and the HLA region is also low. This significantly reduces the probability that a suitable embryo is discarded.
Based on nested PCR performed on single lymphoblastoid cells, the ADO rates of sixteen selected STR markers varied between 1% and 9% for the STRs. This is comparable to the previous findings of Fiorentino et al. [8] who found ADO rates up to 12.5% for lymphocytes. In another study by Fiorentino et al., the ADO rate for blastomeres ranged from 0% to 10.8% [6] .
Selected STR markers described in this paper were recently used to screen for an HLA match among siblings of patients in need of HPC transplantation [Hopp KA, Lau EC, Bick DP, Pietz B and Ellis TM, submitted for publication]. Linkage analysis using STR markers covering the HLA and flanking regions provided a more rapid and less expensive approach to HLA matching when compared to current molecular methods used to screen for HLA-identical siblings [17] and is amenable to automated detection platforms.
Conclusions
The use of polymorphic tri-, tetra-, and pentanucleotide markers may enhance the reliability, accuracy and efficiency of preimplantation HLA matching thereby helping families successfully identify a potential HPC donor for a sibling in need of a transplant. By avoiding dinucleotide microsatellites and their associated shadow bands, there may be improvement of HLA allele resolution using either CE or PAGE systems.
